crustal fluid flow and the advective exchange of fluids and heat between the igneous oceanic crust and the ocean; (6) to quantify geochemical fluxes into and out of the crust and, consequently, to identify the impact that hydrothermal fluid exchange with the oceans has on global geochemical budgets; (7) to correlate changes in hydrothermal regime to changes in the state of alteration of the crust, including the evolution of its chemical composition, mechanical consolidation, and permeability structure; and (8) to determine the rate of heat loss from young lithosphere with measurements made well away from known outcrops that are potential sites of advective heat exchange with the ocean.
Goals of the Present Analysis
Many of these objectives have been well addressed directly through previous studies, but two remain largely unresolved. These are (1) to determine the distance over which and rate at which fluids and heat can be transported laterally in the upper igneous crust beneath sediments, in particular, between areas of basement outcrop where hydrothermal circulation in the igneous crust is ventilated to the ocean and areas of continuous sediment cover where hydrothermal circulation is isolated from the ocean; and (2) to establish in this area the total rate at which heat is lost from young lithosphere. These objectives are highly intertwined and formally cannot be achieved with heat flow data only. Fortunately, fluid geochemical constraints and results of modeling can be used to overcome this difficulty. The thermal and chemical importance of lateral fluid flow in the upper igneous crust coupled with advective exchange at permeable seafloor outcrops has been recognized for more than 2 decades [e.g., Lister, 1972 Unfortunately, with only two isolated exceptions, no seafloor heat flow measurements could be collected between this "hydrothermal transition" area and another study area much farther to the east (see Figure 2c ). Incomplete probe penetration throughout this part of the transect is believed to be caused by an extensive sandy layer in the upper 1-2 m of sediment. This layer appears as a layer of extremely high thermal conductivity at both of the locations where the heat flow instrument did penetrate (at roughly 55 and 90 km from the ridge; see Figure 2c ) and was recovered in the first core at drilling Site 1029 [Davis et al., 1997c] .
Because of the paucity of data in this middle part of the transect, the full extent of the influence of ventilated circulation by mixing and/or lateral flow in the upper igneous crust beneath the sediment cover could not be determined in predrilling studies. I  I  I  I  I  I  I  I  I  I  I  I  I  I  I   0  20  40  60  80  100  120  140 Distance from ridge axis (km) Drilling results confirm the trend of increasing basement temperatures along the transect and add valuable new constraints on the rate and extent of lateral flow. In particular, basement water compositions define lateral concentration gradients of several solutes that indicate increasing hydrologic isolation of the igneous crust from the ocean to the east, just as suggested by the heat flow data. The lateral scale of the geochemical influence of ventilated circulation is much greater than that of the thermal influence. For example, while diminished, sulfate concentrations remain nearly half that of seawater along the full extent of the drilling transect, despite the rapid consumption of sulfate within the sediment section and the lack of a source in basement itself [Davis et al., 1997c; Elderfield et al., 1999] . Other observations that argue unequivocally for rapid transport of water over a distance greater than 20 km include the ages of basement water determined from •4C isotopic compositions that are no older than 8000 years anywhere along the drilling transect. These and other constraints on lateral fluid flow from basement water compositions along the drilling transect will be presented elsewhere [Elderfield et al., 1999] . The analysis presented in this paper focuses on the complementary constraints provided by the thermal structure along the transect.
Strategy

Estimating a Continuous Heat Flow Profile
To make the best use of all geophysical data, we develop in this paper a strategy that is built on our understanding of the physics of hydrothermal circulation in young oceanic crust and that utilizes what we consider to be an optimum combination of seismic 2.2.4. Integrated thermal resistance. Unfortunately, the same level of confidence cannot be placed on sediment thermal conductivities measured on ODP cores; these are probably biased in much the same way as seismic velocities because of drilling disturbances, unloading effects, and the sampling bias associated with the systematically poor recovery of sandy, highly conductive parts of the section. Hence, in this analysis, we have chosen to honor the seafloor probe data as being more accurate and representative of in situ properties than the shipboard conductivity measurements and thus to adjust the thermal resistance profile defined by shipboard measurements so that the heat flow calculated using the average thermal resistance and the temperature difference from the seafloor to basement agrees with the local seafloor heat flow. By its nature, this adjustment also incorporates the thermal effect of sedimentation that causes the heat flow at the seafloor to be lower than that determined across the full thickness of the sediment section. This effect is relatively small and is discussed in than in the west at any given depth. In addition, the systematic sampling bias implied by the greater correction factors applied is greater in the east than the west. For example, the adjustment to the average velocity profile ranges from 3% in the west, to 7% for the central sites (1028, 1029, and 1032, not shown), and to 13% at Sites 1026 and 1027. These trends are consistent with the systematic differences in lithology and associated differences in core disturbance and sampling bias from west to east and justify the decision made to group the data. The final relationships between cumulative thermal resistance and travel time that are used with basement temperatures to calculate heat flow differ little from west to east, and the relationships are remarkably linear over the full range of travel time thickness sampled by drilling (Figure 6 ). This is a consequence of the similar effects of lithology on thermal conductivity and velocity; increases in sand content and decreases in porosity increase the values of both of these physical properties, and hence the cumulative thermal resistance for any given travel time is similar for both areas. For calculating heat flow, the two relationships derived from the eastern and western sites were used for the western and eastern ends of the line, respectively; the results were merged near Site 1028. simplification is that a "global" correction factor for the transect can be defined as a simple function of sediment thickness (i.e., Figure  8 ). We have assessed the magnitude of the error caused by excluding the prior cooling history of the lithosphere by doing a full calculation for the situation at Site 1029, where rapid sedimentation began at a relatively early stage (on lithosphere 1 Ma in age) and thus when heat flow was significantly higher than it is now. The difference in the thermal effect calculated in this complete manner and that calculated assuming the lithospheric thermal gradient is initially uniform is less than 1%. Hence the "global" correction, normalized to present local heat flow, is justified. One final simplification made was to assume that the thermal effect of sedimentation penetrates into the lithosphere to a level that is deep relative to the thickness of the sediment section itself. As a consequence, the effect of sedimentation on seafloor heat flow is taken to be the same as that which would be applied to the heat flow calculated using the temperature difference and average thermal conductivity across the full section of sediment. Again, associated errors have been investigated using numerical simulation. At a maximum (where the sediment thickness is greatest) the error is less than 3% of the total heat flow. Given the uncertainties in average thermal conductivity, it is unlikely that this level of nonuniformity of heat flow with depth could be resolved. A plot of temperatures measured at the deepest Site 1027 bears this out (Figure 9 ). It is possible that there is a small increase in heat flow with depth, but it is likely that the cause for the linear regression not passing through the seafloor temperature point is caused by systematic error in estimating thermal conductivity of the uppermost part of the section (see section 3.1) rather than real variation in heat flow with depth. Thus it is safe to conclude that the same sedimentation correction can be applied to both the heat flow at the seafloor and to that estimated across the full sediment section.
A Continuous Profile of Seafloor
In conclusion, the high rate of sediment accumulation has a substantial thermal effect, with the heat flow being depressed locally as much as 18% below the steady state value and more than 10% along most of the length of the transect. The final heat flow profile shown in Figure 10 is simulated by flow that is prescribed to be distributed uniformly throughout the upper crustal layer. In both cases the left-hand boundary of the "hydrologic basement" layer is maintained at the temperature of the seafloor and the basal heat flow is set equal to that estimated for the lithosphere (see Figure 10) . The seafloor and basement topographies are constrained by the seismic reflection data described above, and the 600-m hydrologic basement layer thickness has been chosen to match that of the low-velocity extrusive igneous crust defined in this area by multichannel seismic reflection data [Rohr, 1994] . This structure is oversimplified, and the thickness probably represents an upper limit for the actual thickness of the section characterized by high permeability; strong evidence for a decrease in permeability with depth below the top of the upper igneous crust has been provided by pumping experiments carried out in Deep Sea Drilling Project (DSDP) and ODP boreholes [e.g., Becker, 1996; Fisher, 1998 ]. Applying this upper limit for the thickness of the hydrothermally active upper crustal layer in the simulations presented in Figure 11 is useful, however, in that it establishes lower limits for Nu and rates of advective flow.
To produce equivalent thermal anomalies, flow restricted to thinner layers must move proportionately faster. In the simulation of convective "mixing" (Figure 11 b) Although simple lateral flow in a confined aquifer is an unreasonably oversimplified description for this setting, it is nevertheless interesting to consider the permeability that would be required to host this rate of flow, given that the lateral pressure gradient available to drive flow is probably only of the order of a few kilopascale per kilometer (E. E. Davis If simple lateral flow is the dominant mode of heat transport, the quantity of heat that must be passed through discharge points must equal the cumulative heat deficiency along the transect as defined by the difference between the expected level of lithospheric heat flux and that estimated through the sediment section after accounting for the transient effect of the rapid sedimentation in this area. This is illustrated in Figure 12 , and the total quantity is roughly 3 MW for each kilometer along strike. While this number is large, it is certainly possible that a significant fraction of the heat balance may indeed be met by focused discharge such as that observed at Baby Bare. At distances greater than 20 km from where permeable basement rocks near the Juan de Fuca Ridge crest are exposed at the seafloor, the estimated heat flow, on average, matches well that predicted by boundary layer cooling theory for aging oceanic lithosphere. We conclude that while vigorous hydrothermal circulation is known to persist in the igneous crust beneath the sediments along the full length of the transect and that significant geochemical exchange with the ocean must take place, this circulation must be thermally fully isolated from the effects of advective exchange between the ocean and the crust.
Once hydrothermal isolation is complete, basement temperatures can be estimated in young ridge-flank environments like this one by inverting the strategy used to estimate heat flow. Predictions of upper basement temperature are potentially useful for providing technological constraints for in situ borehole experiments, for considering microbiological habitats, and for estimating basement water compositions and rock-alteration conditions. This has been done for a short section east of the ODP Leg 168 transect, where seismic reflection but no drilling data exist; the results are shown in Figure 2b . This prediction employs the physical property profile of Figure 6 extrapolated to greater depths, the lithospheric heat flow of Parsons and Sclater [1977] , the sedimentation correction discussed in section 3, and a hydrothermal "homogenization" scale of 15 km, over which locally estimated basement temperatures are averaged. East of the oldest drilling sites, basement subsidence associated with lithospheric cooling is augmented by loading by the Cascadia accretionary prism; the rapidly increasing thickness of sediment causes basement temperatures to climb sharply. This trend must continue to the accretionary prism itself, for the decreasing heat flow from the aging Juan de Fuca plate is more than balanced by the increase in thickness of the thermally resistive sediment blanket.
